Purpose The Muenke syndrome mutation (FGFR3 P250R ), which was discovered 15 years ago, represents the single most common craniosynostosis mutation. Muenke syndrome is characterized by coronal suture synostosis, midface hypoplasia, subtle limb anomalies, and hearing loss. However, the spectrum of clinical presentation continues to expand. To better understand the pathophysiology of the Muenke syndrome, we present collective findings from several recent studies that have characterized a genetically equivalent mouse model for Muenke syndrome (FgfR3
Introduction
Muenke syndrome is an autosomal dominant disorder with prevalence of one in 30,000 births [5] . It is characterized by uni-or bilateral coronal suture synostosis (bilateral more often than unilateral), dysmorphic craniofacial features, macrocephaly without craniosynostosis, sensorineural hearing loss, intellectual disability, developmental delay, brachydactyly, coned epiphyses and carpal and tarsal bone fusions [13, 16, 17, 36] (Fig. 1) . The craniofacial features include facial asymmetry, hypertelorism, downslanting palpebral fissures, ptosis of the eyelids, temporal bossing, dental malocclusion, a highly arched palate and midfacial hypoplasia [1, 13, 16, 17, 36] (Fig. 1) . However, clinical diagnosis of Muenke syndrome can be challenging due to incomplete penetrance and variable expressivity of the phenotype. Considerable phenotypic variability occurs even within the same family [10, 14] . Some individuals with Muenke syndrome may have no signs of Muenke syndrome on physical or radiographic examination. The Muenke syndrome phenotype overlaps with other craniosynostosis syndromes, such as Saethre-Chotzen, Pfeiffer, and Crouzon syndrome.
Diagnosis of Muenke syndrome is established by genetic testing for the presence of the defining Pro250Arg/P250R (c.749C > G) mutation in the Fibroblast Growth Factor 3 (FGFR3) gene [4, 36] . This particular mutation accounts for about 8 % of all patients with craniosynostosis and 25-30 % of patients with craniosynostosis and a genetic cause; thus, this mutation in FGFR3 represents the single most common craniosynostosis mutation [32, 33, 52] . To study the pathophysiology of Muenke syndrome, Twigg et al. [50] have generated the genetic mice harboring the gene mutation responsible for the Muenke syndrome (FgfR3 P244R ). The P244R substitution in mouse FgfR3 is equivalent to the P250R substitution in human FGFR3. So far, the genetic mouse model has been characterized in four studies for skeletal and craniofacial phenotypes and hearing loss [25, 27, 50, 54] . In this report, we will first briefly introduce the structure and function of FGFR3. We will then review and discuss the findings from the genetic mouse model and compare them with human phenotypes.
Fibroblast growth factor receptor 3 (FGFR3): functions and mutations
FGFR3 is a member of the highly conserved FGFR family, which belongs to a superfamily of tyrosine kinase transmembrane receptors. FGFRs are encoded by four genes, FGFR1-4. FGFRs are high affinity receptors of a large family of fibroblast growth factors. FGFRs share a common structure that consists of an extracellular ligand-binding domain containing three immunoglobulin-like loops (IgI-III), a transmembrane domain and a split intracellular tyrosine kinase domain (Fig. 2a) . FGFRs are produced in alternatively spliced forms, which display tissue-type and ligand-binding specificity [41] . Exons 8 and 9, which encode the second half of the IgIII domain of FGFR1-3, are alternatively spliced in a tissue-specific manner, generating the epithelial tissue-specific IIIb form and the mesenchymal tissue-specific IIIc form (Fig. 2b ) [6] . In skeletal tissues, FGFR1 and 2 IIIc forms are expressed in bone tissue, whereas FGFR3 IIIc is expressed highly in cartilage and at low levels in the cranial suture mesenchyme [12, 41, 44] . In the auditory system, FGFR3 IIIc is expressed in cochlea [42] . Upon binding to FGF ligands, FGFRs form dimers, which in turn induce auto/trans-phosphorylation of the intracellular tyrosine kinase domains of one receptor molecule by the other. The phosphorylated FGFRs then activate a complex array of biochemical and molecular signaling pathways to transduce auto-/paracrine FGF signals in target cells. FGFR3 is highly expressed in the proliferating zone of the epiphyseal growth plate [9, 12] , which is the primary growth center that drives longitudinal growth of the long bone by endochondral ossification. Loss of FGFR3 activity was found to associate with increased rates of chondrocyte proliferation and lengthened chondrocyte columns in the FgfR3 null mouse epiphyseal growth plate. Conversely, knock-in mice harboring ligand-independent constitutively activating FgfR3 mutations showed decreased chondrocyte proliferation and differentiation associated with a profound affect on long bone growth [12, 29, 38, 39] . Consistent with the findings from animal studies, the mutations leading to ligand-independent phosphorylation and activation of the FGFR3 are causally linked to deficient long bone growth in the most common form of dwarfism, achondroplasia (G380R), and hypochondroplasia (N540K), and also a severe lethal form of skeletal dysplasia, thanatophoric dysplasia (R248C, S249C, G370C, S371C, Y373C, L650E) in humans [2, 3, 35, 46] . Constitutively active FGFR3 inhibits chondrocyte proliferation by dysregulation of the Indian hedgehog (IHH)-parathyroid hormone related peptide (PTHrP) feedback signal [7] and STAT signaling pathways [23] . Sustained activation of the MAPK pathway, which is expected from the constitutively active mutant FGFR3, has also been shown to inhibit chondrocyte differentiation and arrest endochondral bone growth [37, 55] . Constitutively [23] , inhibition of IHH signaling [7] , and sustained activation of MAPK [37, 55] . The Muenke syndrome mutation, a liganddependent activating mutation, inhibits chondrocyte proliferation via IHH signaling and inhibits chondrocyte maturation [25, 54] active FGFR3-mediated signaling pathways, therefore, inhibit chondrocyte proliferation and differentiation and induce apoptosis (Fig. 2c) .
Muenke syndrome is unique among skeletal dysplasias caused by FGFR3 dysfunction in that long bone growth appears to be largely unaffected. Rather, its primary effect is abnormal suture formation and defective limb morphogenesis [17, 24, 43, 47] . The clinical distinction between Muenke and other FGFR3-related syndromes may be explained by the unique molecular behavior of the FGFR3 protein harboring the defining Muenke syndrome mutation. A study using surface plasmon resonance and X-ray crystallography showed that the P250R mutation significantly enhanced FGFR3IIIc's affinity for un-natural ligands, including FGF2 and FGF9, as well as one of its cognate ligands, FGF1 [20] . The calvarial suture phenotype in Muenke syndrome is shared with Apert and Pfeiffer syndromes, which are caused by the P253R mutation of FGFR2 (in 33 % of cases of Apert syndrome) and the P250R mutation of FGFR1 (in type I Pfeiffer syndrome), respectively. The Pro to Arg substitutions also endow FGFR2IIIc and FGFR1IIIc with the ability to bind FGF9 with high affinity [20, 51] . Given that FGF9 is highly expressed in the cranial suture and increased FGF9 signaling causes craniosynostosis in mutant mice (Eks) [18] and humans [53] , aberrant FGFR signaling and subsequent hyperactive FGF9 signaling in the cranial suture may be the common molecular etiology that underlies these three craniosynostosis syndromes (Muenke, Apert, and Pfeiffer syndromes).
Craniofacial phenotype of the FGFR3 P244R mouse
Craniofacial sutures: synostosis
Craniosynostosis is present in 86 % of patients with Muenke syndrome. Of these patients, 55 % have bilateral coronal synostosis and 26 % have unilateral coronal synostosis. About 4 % of cases involve additional cranial sutures. The penetrance is 88 % for females and 76 % for males, with females two times more likely than males to have a severe phenotype: for example, females are more likely than males to have bilateral coronal synostosis vs. unilateral coronal synostosis. In females, the prevalence of bilateral coronal synostosis is more than two times the prevalence of unilateral coronal synostosis [13, 19, 24] . The presence of the FGFR3 P250R mutation is the single most predictable factor for increased risk of repeated transcranial surgery for raised intracranial pressure in patients with isolated coronal synostosis [49] . In addition, following the initial cranial remodeling surgery in infancy, Muenke syndrome patients invariably require secondary and tertiary surgical procedures for improved aesthetics [19] . Therefore, molecular confirmation of the defining mutation in FGFR3 is essential for the planning and management of patients with Muenke syndrome. Similar to humans, the FgfR3 P244R mouse model of Muenke syndrome showed incomplete penetrance of the phenotype. However, the gender bias was reversed in the mouse model. Male mice presented markedly abnormal skull shape in 100 % of homozygotes and about 25 % of heterozygotes, while female mice showed the phenotype in about 33 % of homozygotes and no phenotype in heterozygotes [50] . FgfR3 P244R mice with abnormally shaped heads showed characteristic loss of interdigitation and/or fusion of the premaxillary sutures and class III malocclusion of the incisors as early as postnatal week 1 [25, 50] . A dome-shaped and short skull with snout deviation, resembling asymmetric plagiocephaly, became pronounced in mutant mice at week 3 or later in the direction of the fused premaxillary suture (Fig. 3d ). In mice with bilaterally fused premaxillary sutures, snouts were either shortened without deviation or deviated in the direction of the more severely disrupted premaxillary suture (Fig. 3d, f) . In all of these cases, the premaxilla was visibly hypoplastic (Fig. 3e) . Twigg et al. [50] reported that the zygomatico-maxillary suture was also fused in the majority of mutant mice that exhibited the skull phenotype [50] . Mutant mice presented with a broadened cranial base and an increased distance between orbits, resembling hypertelorism in human patients. While the FgfR3 P244R mouse model displays many characteristic features of Muenke syndrome, coronal synostosis was rarely observed. The incidence was reported only in a few heterozygous mutant mice bred into a specific background (C57BL/6) [50] . Further studies are needed to clarify why the coronal suture is drastically less susceptible to the Muenke syndrome mutation than other sutures in mice.
Cranial base: premature closure of synchondroses Mild to moderate midface hypoplasia with a depressed nasal bridge, a phenotype typically associated with deficient growth of the anterior cranial base, has also been reported in 50-70 % of patients with Muenke syndrome [13, 17, 45] . Comparison of the craniofacial phenotype between patients with Muenke syndrome and patients without Muenke syndrome with unilateral coronal synostosis showed that the severity of the craniofacial asymmetry was significantly greater in the patients with Muenke syndrome than those without Muenke syndrome, and was especially prominent in the anterior part of the skull and facial skeleton [22] . This suggests that the Muenke mutation might have a direct effect on cranial base growth.
The cranial base is composed of the frontal, ethmoid, sphenoid, and basioccipital bones along with otic vesicles, the petrous part of the temporal bone between the sphenoid and basioccipital bones (Fig. 4g) , and develops largely by endochondral ossification. In embryos, the cranial base initially appears as a sheet of condensed mesenchyme, from which numerous cartilages arise. These cartilages grow and coalesce to form a confluent cartilagenous cranial base. Subsequently, endochondral ossification starts at discrete foci to form bones. The residual cartilage interposed between two bony elements, the synchondrosis, serves as the major growth site for the longitudinal growth of the cranial base. It has a unique bidirectional structure where two opposing growth plate cartilages share a zone of resting chondrocytes. There are many synchondroses located in the cranial base, and the age at which they close varies widely. The intersphenoidal (ISS) and spheno-occipital synchondroses (SOS) are the primary postnatal growth centers for the cranial base. The ISS closes between 2 and 3 years of age and the SOS closes much later, between 14 and 18 years of age [26, 40] . Closure of the SOS marks the end of significant cranial base growth and midface development.
Using the knock-in mouse model for Muenke syndrome (FgfR3 P244R ), we have studied the cranial base phenotype of Muenke syndrome in detail [25] . Morphometric analyses revealed the mutant gene exerts a dose-dependent effect on the shortening of the basicranial length from postnatal week 3 onwards. Measurements for individual basicranial bones revealed significantly shortened presphenoid and basisphenoid bones in mutant mice. The length of the basioccipital bone was not affected by the mutation. Interestingly, a study using cell lineage-specific genetic markers showed that ethmoid and sphenoid bones are neural crest derived, while the basioccipital bone originates from the mesoderm [30] . Whether the cells of the neural crest origin are more susceptible to the Muenke syndrome mutation needs to be verified. μCT of basicranial synchondroses showed bony bridge formation in FgfR3 P244R mutants as early as postnatal week 3, but never in wild type juvenile mice (Fig. 4a-c) . Bridge formation in FgfR3 P244R mutants was more prominent in the ISS than the SOS (Fig. 4) . Homozygous (90 %) and heterozygous (40 %) mutants had formed bone across the ISS by week 3, whereas only 30 % of homozygous and no heterozygous mice had bridging across the SOS at this time point (Fig. 4b, c) . By week 5, 100 % of homozygous and 50 % of heterozygous mutant mice had ossification across the ISS, while 60 % of homozygous and 15 % of heterozygous mutant mice had bony bridging across the SOS (Fig. 4e, f) . In contrast, ISS and SOS remained patent through week 5 in all wild type controls (Fig. 4d) . Both synchondroses fully close after week 8, irrespective of genotype. These data indicate that longitudinal growth of the basicranium is ceasing or has ceased for most homozygous mutant mice by postnatal week 5, which is much earlier than unaffected wild-type mice.
The FgfR3 P244R mutation disrupts and shortens the growth plate in both ISS and SOS by disruption of the Indian hedgehog (IHH)-PTHrP feedback loop that maintains the population of proliferating chondrocytes [25] . Thus, in mutant synchondroses, the proliferating chondrocyte population is significantly reduced (Fig. 5a ). In addition, resting chondrocytes in mutant synchondroses prematurely form the secondary ossification center populated with CTGF expressing prehypertrophic chondrocytes (Fig. 5a ). The mutation also accelerates perichondreal ossification, resulting in bony bridge formation across the synchondrosis (Fig. 5b) . It is quite possible that FGFR3-mediated signaling directly stimulates osteogenic differentiation of progenitor cells in the perichondreal region. This notion is supported by earlier studies showing FGF/FGFR induction of BMP/TGFβ gene expression in osteogenic cells [15] , and essential roles of BMP/TGFβ signaling in osteoblast differentiation in the perichondrium [28, 31] . Activation of Erk-1/2, a downstream mediator of FGF/FGFR3 signaling, has also been shown to stimulate osteoblast differentiation and ossification of the perichondrium [29] .
Cephalometric analyses of patients with Muenke syndrome show significant anterior cranial base shortening, averaging 8.4 mm in length [45] . As in the mouse model, premature fusion of basicranial synchondroses likely contributes to the anterior cranial base deficiency in patients.
However, due to deficient human CT data, this is difficult to verify. Interestingly, although midface hypoplasia is reported in a majority of Muenke syndrome patients, less than 25 % of the patients require midface advancement surgeries [8, 19] . This may be explained by the fact that Muenke syndrome patients are heterozygotes. In the mouse model, the phenotype was clearly dependent on the dose of the mutant gene. Also, mild midface hypoplasia can be dentally compensated, not requiring surgical correction. Another explanation is retardation of mandibular antero-posterior growth that essentially camouflages a mild midface hypoplasia. In fact, cephalometric measurements showed that Muenke patients had shorter mandibular body length than normal individuals by an average of 12.9 mm [45] . In conclusion, the Muenke syndrome mutation negatively affects cranial base growth as a result of growth plate dysfunction and accelerated perichondrial ossification in the basicranial synchondrosis.
Temporomandibular joint: defective development and arthritic changes
The temporomandibular joint forms between the mandibular condyle and the glenoid fossa of the temporal bone, which are intercalated by a fibrocartilaginous disc. In mammals, the mandibular condyle is a major site of growth. The condyle develops as secondary cartilage within the periosteal tissue of the developing mandible. As the cartilage grows, cells organize themselves to form a growth platelike structure. In FgfR3 P244R mice, the condylar head was underdeveloped, which was characterized by a significant shortening of its anterior half (Fig. 6a, b) [54] . The missing region normally contains rapidly dividing progenitor cells. Postnatal development of the temporomandibular joint is also disturbed in mutant mice. In 3-week-old mutants, condylar cartilage showed drastically reduced Ihh expression, which was accompanied by decreased chondrocyte proliferation and differentiation and defective formation of the primary bone spongiosa and trabecular bone (Fig. 6c-f ) [54] . These changes are similar to those observed in mutant mouse basicranial synchondroses. Defective development of the mandibular condyle may explain deficient mandibular growth in Muenke syndrome patients. In addition to developmental defects, the condylar cartilage showed arthritic changes, including fissure formation and adhesion of the disc to the condylar surface and/or glenoid fossa (Fig. 6g, h ) [54] . d, f, h, j, l, n) . Notice the marked reduction of Ihh expression in the prehypertrophic zone (d, arrowhead) in mutant SOS. Note also that, in 3-week-old mutant SOS, the shortened growth plate is accompanied with the accelerated development of the secondary ossification center (e, g); indicated with a dotted yellow circle), which is recognizable by the activation of CTGF (h). Precocious perichondrial ossification is visible in the ISS from 3-week-old mutant as shown by fast green staining (k) and in situ hybridization with Type I collagen (Col 1; l) along the entire length of the synchondrosis cartilage. In wild-type ISS, the perichondrium flanking resting chondrocytes (yellow arrow) remains unossified (red arrow) at this time, as indicated by the lack of Col1 and other osteogenic gene (data not shown) expression (i, j). Notice that the chondrocytes flanking the perichondrium in mutant ISS have the appearance of prehypertrophic chondrocytes (k, yellow arrow). Notice the significant reduction of hypertrophic chondrocyte zone (hz) and primary spongiosa (ps) at the chondro-osseous border in 3-week-old mutant SOS (o) compared with wild-type SOS (l), which is identifiable by the significant reduction of Col 1 (m, p). Other genes required for chondro-osseous transition are also drastically reduced (data not shown). 
Generalized skeletal dysplasia
The characteristic limb phenotypes of Muenke syndrome, such as brachydactyly, coned epiphyses, and carpal/tarsal bone fusions, are missing in FgfR3 P244R mice, while the trunk skeleton appears normal. Even in mutant mice with abnormally shaped skulls, long bone growth is largely unaffected and the epiphyseal growth plate appears histologically normal [50] . However, micro CT analyses of the femora revealed that there was a 40 % reduction in cortical bone thickness and a 34 % reduction in bone mineral density in mutant mice compared to wild-type controls [50] . Skull bone thickness was also significantly reduced in mutant mice [50] . In the cranial base, although perichondrial ossification was accelerated across the synchondrosis, primary spongiosa, and trabecular bone formation was visibly defective in mutant mice older than 3 weeks of age [25] (Fig. 5) . Therefore, the Muenke syndrome mutation resulted in generalized skeletal dysplasia in mice, affecting both cortical and trabecular bone formation. Considering that FGFR3 is expressed in preosteogenic mesenchymal stem cells, deficient bone formation in mutant mice is not surprising. So far, skeletal dysplasia has not been documented in patients with Muenke syndrome. If this phenotype is present in patients, it would likely be mild at young ages and become more pronounced with aging.
Sensorineural hearing loss
A review of all Muenke syndrome cases reported in the literature before 2007 found that the overall prevalence of associated hearing loss was about 40 % [13] . More recent studies however, find a much higher incidence of hearing loss, ranging from 62 % to 95 % [11, 13, 27] . Hearing loss in patients with Muenke syndrome is typically mild to moderate and predominantly characterized by sensorineural hearing loss at low frequencies [11, 13, 27] . The prevalence of hearing loss is also high in other craniosynostosis syndromes. A recent survey of young patients (aged between 4 and 18) with syndromic craniosynostosis (patients surveyed were patients with Apert, Crouzon, and Saethre-Chotzen syndrome) who had undergone audiometric assessment showed that mild to moderate hearing loss was found in 44 % of patients with Apert syndrome, 29 % of patients with Crouzon syndrome, and 28 % of patients with Saethre-Chotzen syndrome [11] . The etiology of hearing loss in these craniosynostosis syndromes was found to be largely conductive in origin due to inner ear structural anomalies [11, 56] . Thus, the pathological mechanism underlying the hearing impairment of Muenke syndrome is distinctly different from that of other craniosynostosis syndromes.
Mansour et al. [27] have characterized the FgfR3 P244R mice and have shown that these mice have a sensorineuronal hearing loss that is most profound at low frequencies with high frequency sparing, a pattern similar to that observed in patients with Muenke syndrome. Hearing loss in the mouse model was dominant and fully penetrant and more severe than in humans. Although sensorineuronal hearing loss may be due to anomalies of the vestibulocochlear nerve, which innervates the cochlea and central auditory processing centers in brain, it is most commonly associated with dysfunction of the organ of Corti, the highly specialized sensory epithelium of the cochlea in the inner ear. In both humans and mice, the organ of Corti is composed of precisely organized rows of sensory hair cells and several types of support cells along the basilar membrane. [21, 34, 42] . As the progenitors differentiate, FGFR3 expression becomes restricted to future pillar cells and is downregulated in the other cell types, suggesting a role for FGF signaling in cell fate determination [34] . FGF8, which is expressed in inner hair cells, is the principal ligand for FGFR3 during the induction of pillar cells [21] . Various genetic manipulations that change FGFR3 expression level or activation have shown to affect the number and differentiation of pillar cells. A targeted disruption of the FgfR3 gene caused failed development of pillar cells and the tunnel of Corti [9] . In contrast, targeted deletion of Spry2, a negative modulator of FGFR3 signaling in differentiating pillar cells, caused their excess differentiation and converted Deiter's cell to a pillar cell fate with the ectopic formation of an extra tunnel of Corti [48] . Both FgfR3 and Spry2 null mice are deaf [9, 48] .
Mansour et al. [27] found that FgfR3 P244R mice share a similar phenotype with Spry2 null mice, which is characterized by excess pillar cell development at the expense of Deiter's cell development. Alterations in cell fate were observed along the entire length of the cochlear duct, with the most extreme abnormalities occurring in the apical (lowfrequency) end. They also noted excess outer hair cell development in the apical region. These cellular changes are consistent with low-frequency sensorineural hearing loss. Thus, the FgfR3 P244R mutant mouse is an excellent model for studying hearing loss in Muenke syndrome. Mansour et al. [27] made an attempt to rescue this phenotype in FgfR3 P244R mutants by removal of a single copy of either Fgf8 or Fgf9 or both; however, this did not rescue hearing loss. It is possible that activation of mutant FGFR3 requires extremely low levels of ligand, or alternatively, there may be ligands with redundant function available to pillar cells. Future studies may aim to inhibit mutant FGFR3 signaling by targeting downstream signaling intermediates or regulators.
Summary
Initial characterization of the FgfR3 P244R knock-in mouse model for the Muenke syndrome (FgfR3 P244R ) has revealed that they present with premature fusion of a facial suture (premaxillary and/or zygomatic sutures instead of coronal suture), shortening of the cranial base/midface hypoplasia, and sensorineural hearing loss, mimicking the human phenotype of Muenke syndrome. This mouse model provides significant insight into the pathophysiological mechanism of hearing loss in patients with Muenke syndrome. Interestingly, phenotypes that have not been previously described in humans, such as reduced cortical bone thickness of long bones, hypoplastic cranial base trabecular bone, and progressive destruction of the temporomandibular joint structure, were found in the mouse model of Muenke syndrome. Given that new clinical findings are still being added to the description of Muenke syndrome, due to its fairly recent discovery, it is quite possible that the newly discovered phenotype may be present in human patients. The genetic animal model, therefore, provides an opportunity to study disease mechanisms of known pathologies of Muenke syndrome and to test novel/non-invasive therapeutic strategies for them. The genetically equivalent mouse model can also be further explored to discover previously unreported yet potentially significant phenotypes of the syndrome.
